Abstract: Pharmacological treatments are available for alcohol, nicotine, and opioid dependence, and several drugs for cannabis-related disorders are currently under investigation. On the other hand, psychostimulant abuse and dependence lacks pharmacological treatment. Mesolimbic dopaminergic neurons mediate the motivation to use drugs and drug-induced euphoria, and psychostimulants (cocaine, amphetamine, and methamphetamine) produce their effects in these neurons, which may be modulated by the opioid system. Salvinorin A is a κ-opioid receptor agonist extracted from Salvia divinorum, a hallucinogenic plant used in magico-ritual contexts by Mazateca Indians in México. Salvinorin A and its analogues have demonstrated anti-addiction effects in animal models using psychostimulants by attenuating dopamine release, sensitization, and other neurochemical and behavioral alterations associated with acute and prolonged administration of these drugs. The objective of the present article is to present an overview of the preclinical evidence suggesting anti-addictive effects of salvinorin A and its analogues.
INTRODUCTION
After cannabis, stimulants (cocaine and amphetamine) are the most consumed illegal recreational drugs worldwide [1, 2] . Among those seeking treatment for drug-related disorders in the Americans, cocaine remain the most prevalent primary drug of abuse [1] . Stimulant abuse causes considerable health problems in several countries [2] [3] [4] [5] [6] . Pharmacologists have been searching for drugs with therapeutic effects in psychostimulant-related disorders for decades, without success [5] [6] . Thus, novel approaches are necessary to help those with problematic stimulant use who are seeking treatment.
The leaves of the hallucinogenic plant Salvia divinorum ("of the diviners") are eaten or drunk in a water infusion by the Mazatec Indians of Oaxaca, Mexico, for medicinal and ritual purposes [7] [8] [9] [10] [11] . Although S. divinorum is illegal in some countries, the plant is not regulated in many others, and several products derived from it (plants, dried leaves, extracts for smoking and tinctures for oral administration) are sold for young adults that use these products to induce powerful hallucinations [10] [11] [12] [13] [14] .
In vitro and in vivo studies demonstrated that the only known and likely major active constituent of S. divinorum is the κ-opioid receptor agonist salvinorin A [10] [11] [12] . Other related chemicals are present in S. divinorum, such as salvinorins B-I, salvidivins A-D, salvinicins A-B, and divinatorins A-E, but little is known about their pharmacology [10] [11] [12] only non-nitrogenous natural κ-opioid receptor agonist currently known, and does not present affinity for other receptors associated with perceptual alterations produced by certain drugs, such as dopamine, serotonin, or glutamate [10] [11] [12] . Importantly, in contrast with classical hallucinogens (mescaline, LSD, psilocybin, DMT), salvinorin A does not behave as an agonist at the 5-HT 2A receptor [10] [11] [12] .
Salvinorin A produces mental effects at only 4.5 µg/kg, making this compound the most active natural psychoactive product, almost in the same range as LSD [9, 10, [13] [14] [15] [16] [17] [18] . This compound produces alterations on perceptions, mood, and on somatic sensations that are powerful but short-lived, lasting around 15 min [9, 10, [14] [15] [16] [17] [18] .
Preclinical and clinical [51] [52] [53] [54] studies suggest that compounds that act as agonists of the κ-opioid receptor produce effects that are potentially beneficial for patients suffering psychostimulant-related disorders. Thus, the objective of the present text is to review data from preclinical and clinical studies suggesting that κ-opioid receptor agonists, including salvinorin A, may produce therapeutic effects in patients with psychostimulant-related disorders.
METHODS
The present review focused on studies conducted in the last 15 years evaluating the modulatory action of κ agonists on the effects of psychostimulants (i.e., cocaine, amphetamine and methamphetamine). Preclinical and clinical studies published in English up to September 2014 were reviewed. Electronic searches were performed using PubMed.
κ-Opioid Receptor Agonists Modulate Dopaminergic Neurotransmission and the Effects of Psychostimulants

Studies in Rodents
Several studies in rodents showed that the effects produced by κ agonists are contrary to those produced by drugs such as cocaine, amphetamine and methamphetamine, which are all dopamine agonists [20, 21, 24-26, 28-33, 36-38, 40, 43-46, 49, 50] . For instance, these compounds do not modify basal dopamine levels, a hallmark of the stimulants [21, 25, 30] . κ-Opioid receptor agonists attenuate stimulantinduced increases in locomotor activity in rats [21, 29, 46] . κ-Opioid agonists also decrease responding maintained by cocaine and reduce the reinstatement of abolished cocaine and amphetamine use in rats [24, 28, 31, 32, 38, 46] . In mice, these compounds reduce the enhancement of dopamine release produced by non-neurotoxic doses of methamphetamine, and also inhibit the reduction of dopamine levels produced by neurotoxic doses of this stimulant [25] .
Studies in Nonhuman Primates
Several studies investigated the pharmacology of κ agonists in monkeys [19, 22, 23, 26, 27, 33-35, 39-40, 48] . κ-Opioid agonists dose-dependently decrease selfadministration of cocaine in monkeys [19, 22, 34, 35] . κ-Opioid agonists often induce vomiting and sedative effects, which typically occur only for a few days, since tolerance quickly develops [19, 22, 34, 35] . These undesirable behavioral effects could reduce the potential clinical uses of these drugs. Clinical trials with a large number of patients should be performed to elucidate the impact of these sideeffects in clinical populations.
Administration of gradually increasing doses of κ-opioid agonists for 28 days do not produce alterations on biochemical parameters (hematocrit, white blood cells, urea nitrogen, creatinine, alanine aminotransferase and glucose) and dose-dependently decrease cocaine intake, which increases again after three weeks of treatment, suggesting the development of tolerance [22] .
Research on the effects of κ agonists on stimulantinduced discrimination in monkeys report contradictory results, with studies reporting attenuation, enhancement or no significant effects [23, 27] . κ agonists also reduce the reinstatement of abolished cocaine use in monkeys [39] .
Studies in Humans
Few studies assessed the human pharmacology κ agonists [51] [52] [53] . Acute intramuscular (i.m.) doses of the selective κ-agonist enadoline (20-160 μg/70 kg) produce hallucinatoryand dissociative-like side-effect such as depersonalization, visual alterations and confusion, as well as sedative effects, increases in urinary output and dizziness, having no significant effects on cardiovascular parameters, pupil size, skin temperature and respiratory rate in volunteers with polysubstance (opiates and cocaine) abuse histories [51] . High dose (160 μg/70 kg) enadoline produces intense psychedelic effects (i.e., alterations on visual perception and selfawareness). Enadoline has no abuse potential and was safely administered in volunteers with drug-related disorders, although its perceptual and cognitive side-effects present an important limitation. However, these psychological effects are probably more prominent or maximized in standard abuse liability studies in which individuals who participate have drug-related problems and are poorly prepared for strong hallucinogenic effects. The salvinorin A studies conducted in healthy volunteers could have likely resulted in distressing psychedelic effects were it not for the fact that these participants were expecting and prepared for strong hallucinogenic effects (see below the Section Human Psychopharmacology of Salvinorin A).
Acute i.m. doses of enadoline (20-80 µg/kg) modestly reduce the reinforcing effects of intravenous (i.v.) cocaine in volunteers with poly-substance (opiates and cocaine) abuse histories [52] . Acute i.v. doses of the κ-receptor agonist/µ-receptor antagonist nalbuphine (5 mg/70 kg) slightly reduce the reinforcing effects of cocaine and significantly decrease diastolic blood pressure in current cocaine abusers [53] . The neuroendocrine alterations produced by cocaine administration to current cocaine abusers on luteinizing hormone, cortisol, and adrenocorticotropic hormone are attenuated by acute i.v. administration of nalbuphine (5 mg/70 kg), while effects on testosterone are not observed [54] .
Human Psychopharmacology of Salvinorin A
The human pharmacology of inhaled (0.375-21 µg/kg [14, 18] , 12 mg [17] ), sublingual (up to 4 mg), and smoked (1,017 μg) [16] salvinorin A was investigated in healthy volunteers. Sublingual salvinorin A did not produce significant effects [15] , while inhaled and smoked administration produced intense subjective effects that start in less than a minute, peak within 10 min, and return to baseline within 15-30 min [9, 10, [13] [14] [15] [16] [17] [18] . These effects include hallucinatory and dissociative experiences, such as alterations in visual perception, time and spatial orientation, cognition, emotions and self-awareness, which are generally perceived as pleasurable by young adults. Improved mood and subjective well-being are also described, but salvinorin A does not seem to have euphoric properties or a high potential for abuse [9, 10, 13, [16] [17] [18] . Salvinorin A neuroendocrine effects include transient increases in cortisol and prolactin plasma levels, and neurophysiological effects include temporary reductions in resting EEG spectral power [17] .
Salvinorin A is generally well-tolerated, and no serious adverse have been reported in controlled studies [14, [16] [17] [18] . Negative effects include anxiety-and psychotic-like reactions such as fear, panic, confusion, hallucinations and delusions, which are generally short-lived [9, 10, 13, [16] [17] [18] . Salvinorin A did not significantly increase heart rate or blood pressure [14, 17] . One study reported that salvinorin A produced dose-related impairments in recall/recognition memory [18] , while other study reported a lack of cognitive deficits [17] . Some studies included follow-up assessments of 1 to 3 months, reporting an absence of persisting adverse effects [18] . Thus, the literature on the human pharmacology of salvinorin A suggests that this compound may be safely administered to healthy volunteers.
Salvinorin A and its Analogues Modulate Dopaminergic Neurotransmission and the Effects of Psychostimulants
Studies in Rodents
Several studies investigated the effects salvinorin A and its analogues in rodents after psychostimulant administration [36-38, 41, 42, 44, 45, 49, 50] . Salvinorin A inhibits the locomotor activity, rewarding effects, reinstatement of selfadministration, sensitization, and striatum gene expression alterations produced by cocaine [36, 38, 41, 44] . Systemic and intrastriatal salvinorin A administration decrease dopamine levels in rats [37] . Extracellular dopamine levels were decreased whereas dopamine extraction fraction, which provides an estimate of dopamine uptake, was unaltered, indicating that salvinorin A decreases dopamine release but does not alter dopamine uptake. Repeated salvinorin A administration does not modify dopamine levels or uptake [37] .
The salvinorin A analogue β-tetrahydropyran Sal B presents κ-opioid receptor binding affinity comparable to salvinorin A and shares the same potency of the parent compound in attenuating the reinstatement of cocaine selfadministration [42] . Another analogues such as mesyl Sal B and the more potent MOM Sal B (2-methoxy-methyl salvinorin B ) reduce the rewarding effects of cocaine [45, 50] .
Salvinorin A does not appear to cause sedation, but may produce pro-depressive effects [44] . As with the parent compound, MOM Sal B do not cause sedation, but produces pro-depressive effects [45] . These pro-depressive effects could limit the therapeutic potential of these compounds.
Studies in Nonhuman Primates
Salvinorin A may function as a punisher for cocaine selfadministration in monkeys [48] . Choices for cocaine options combined with salvinorin A decrease as a function of salvinorin A dose.
DISCUSSION Endogenous κ-Opioid Systems Modulate the Effects of Psychostimulants
Psychostimulants inhibit the breakdown of monoamines (dopamine, serotonin and norepinephrine), which increases extracellular levels of these neurochemicals [5] [6] . Specifically, the main mechanism of action associated with the euphoria and abuse potential of stimulants is the increase in dopamine levels in the brain, and a growing preclinical and clinical literature suggest that dopamine uptake blockers and releasers (d-amphetamine, methamphetamine, methylphenidate, bupropion, and modafinil) may be efficacious for treating stimulant abuse and dependence [5] [6] . However, methylphenidate and d-amphetamine have significant abuse and diversion potential, and bupropion and modafinil appear to have limited clinical efficacy [5] [6] . Thus, new molecules should be explored for treating stimulant-related disorders.
Opioid receptor agonists are involved in the control of dopaminergic activity . κ-Opioid receptors are expressed in brain regions rich in dopamine, such as the striatum, ventral tegmental area and nucleus accumbens (Nac) [19-22, 26, 33, 40, 43, 47, 49] . Dynorphin, a opioid peptide that seem to act as a endogenous κ receptor ligand, is abundant in the Nac [19-22, 26, 33, 40, 43, 47, 49] .
Dynorphin is present in brain areas involved in the encoding and processing of perceptions, motivation, mood, stress, nociception, motor performance and vital signs (blood pressure, heart and respiratory rate, and body temperature) [26, 33, 40, 43, 47, 49] . In the Nac and other striatal dopaminergic nucleus such as the caudate putamen, dynorphin and other κ agonists decrease dopamine levels [20, 21, 24, 26, 33, 40, 43, 47, 49] . Differential regulation of dopamine levels by multiple signaling pathways and mechanism, such as dopamine release and reuptake in various brain regions, may explain why κ agonists such as dynorphin regulate addiction, stress, depression, sedation, and aversion [26, 33, 40, 43, 47, 49] .
As κ agonists control dopaminergic transmission, these compounds also interact with psychostimulants . Several cocaine-induced effects are inhibited by administration of κ agonists, including increases in dopamine levels [20, 26, 33, 37, 40, 49] , rewarding effects [24, 26, 32, 33, [40] [41] [42] 46] , increases in locomotion and stereotypy [20, 21, 26, 33, 36, 40, 44, 46, 49] , alterations in gene expression [26, 33, 36, 43] , and reinstatement of cocaine selfadministration [24, 26, 28, 33, [38] [39] [40] 50] . In monkeys, κ agonists reduce cocaine intake [19, 26, 33-35, 40, 48] . Although some studies reported that chronic administration of κ agonists increased the motor performance and the dopamine overflow produced by cocaine [21, 37] , most studies of acute and chronic administration of κ-opiod receptor agonists suggest that these compounds have antiaddictive effects [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] .
Cocaine also displays a reciprocal action on κ-opioidergic systems [19, 26, 33, 40, 43, 47, 49] . Cocaine increases the κ receptors, dynorphin, and dynorphin mRNA levels, and increased dynorphin and κ receptors are found in dopaminergic brain regions of deceased cocaine abusers [19, 26, 33, 40, 43, 47, 49] .
With regard to other psychostimulants, κ agonists fail to reduce the reinstatement of amphetamine-induced cocaine intake [24] . On the other hand, κ agonists inhibit the reinstatement of amphetamine self-administration after cocaine or amphetamine intake [31] . The evidence for amphetamine-induced sensitization is contradictory, with some studies showing that κ agonists do not inhibit sensitization [20] while other studies report the contrary [29] . Methamphetamine-induced increases in dopamine concentrations and reductions in dopamine overflow are attenuated by κ-opioid receptor agonists [25] . In monkeys, κ agonists reduce the rewarding effects of amphetamine, although some doses of these compounds also potentiate the effects of amphetamine in some monkeys [27] .
These results suggest that psychostimulant drugs have their own mechanisms of action related to specific pharmacological effects, such as sensitization and reinstatement of drug intake [20, 24, 27, 31] .
Safety and Tolerability
Studies in monkeys reported emesis and sedative effects after chronic administration of some κ agonists [19, 23, 26, 34, 35] . In humans, these drugs may produce anxiety-and psychotic-like reactions [9, 10, 13, [16] [17] [18] . Thus, the intense subjective effects produced by salvinorin A [9, 10, [13] [14] [15] [16] [17] [18] or the dysphoric effects, sedation and occasional distressing sensory and depersonalization effects produced by other κ-opioid agonists in humans [26, 33, 49, 51, 52] , could be important limitations for the clinical use of these compounds.
However, studies in monkeys show that tolerance to emetic and sedative side-effects develops within a few days [19, 22, 23, 26, 34, 35] , and clinical studies indicate that tolerance develops to κ-related psychedelic and dysphoric effects [26, 33, 35] . Thus, the rapid development of tolerance to side-effects could reduce toxicity and increase safety. On the other hand, some studies suggest that the reduction of stimulant intake produced by κ agonists has an inverted U shape [22, 26] . Thus, the therapeutic efficacy of these compounds could be reduced after some weeks of treatment, which represent an important limitation for a drug that will probably be used chronically.
Studies show that µ receptors also modulate the effects of psychostimulants, since most κ agonists that significantly attenuate cocaine intake have some affinity for these receptors [19, 22, 23, 26, [33] [34] [35] , and studies in monkeys show that mixed κ/µ compounds have a better tolerability and safety profile when compared to selective κ agonists, producing only mild salivation [35] . Acute i.m. doses of κ-agonists are safely tolerated in combination with cocaine, but produce only a moderate attenuation of cocaine's subjective effects [52] . Acute i.v. doses of a κ-receptor agonist/µ-receptor antagonist are safely tolerated in combination with cocaine, slightly attenuate its subjective effects, and reduce the effects of this drug on ACTH, cortisol, and LH [53, 54] . Clinical trials are needed to investigate the safety and efficacy of these drugs after long-term administration.
Finally, it also must be considered that although salvinorin A possesses desirable anti-addictive effects with fewer side effects compared to traditional κ-opioid receptor agonists, the pharmacokinetic properties of salvinorin A are not desirable as an anticocaine pharmacotherapy [42, 43, 45, 49, 50] . Thus, new salvinorin A analogues are under investigation and show promising results [45, 49] . Studies in humans will be necessary to assess the tolerability and potential therapeutic effects of these drugs.
CONCLUSION
The problematic use of psychostimulants can cause a series of health, economic, and social costs to individuals and society. Although pharmacological treatments for opiate/opioid and nicotine abuse or dependence are available (methadone or buprenorphine, and nicotine patch etc., respectively) and several drugs for cannabis-related disorders are currently being investigated, there is no approved medication for the treatment of stimulant disorders.
The reviewed studies indicate that κ agonists decrease dopamine neurotransmission, possibly by decreasing dopamine release and increasing its uptake. Thus, these compounds could be beneficial for patients suffering stimulant-related disorders. Salvinorin A and its analogues show anti-addictive effects in several animal studies using psychostimulants as the drug under investigation. Although salvinorin A has been found to produce undesirable effects, the reduced side effect profile of salvinorin A compared to classic κ-agonists makes salvinorin A a compound of high therapeutic promise in treating drug abuse. The potential of salvinorin A and its analogues as pharmacotherapies can be further determined by characterization of the cellular signaling pathways responsible for therapeutic and undesirable effects. Moreover, it remains to be determined whether it is possible to separate these undesirable side effects from the anti-addictive effects. Further studies are warranted on the anti-addictive potentials of salvinorin A and its analogues.
